The thermal behavior and structure of water confined in Sephadex G15 gel were investigated over a temperature range of 298 -173 K at hydration levels, h (= mass of water/mass of dry G15 gel), of 0.24 -1.38 by differential scanning calorimetry (DSC) and an X-ray diffraction (XRD) method, respectively. The ice-melting peaks on the DSC curves were deconvoluted to estimate the amounts of three states of water in G15 with h: free water, freezable bound water, and unfrozen water. The X-ray radial distribution functions of unfrozen water at h = 0.24 revealed that the hydrogen-bonded structure of water is largely distorted, due to hydrogen bonding with the surface hydroxyl groups of gel substrates, compared with those of freezable bound water at h = 0.47 and bulk water. A plausible separation mechanism of solutes in gel chromatography was considered from a structural point of view of confined water.
Introduction
Water in confinement plays an important role in various natural and industrial processes, such as the separation of compounds in chromatography, the transport of environmentally hazardous deposits in soils, reactions in catalysts and fuel cells, and functions in membrane proteins. Thus, the thermal property and structure of confined water have drawn much attention for understanding the underlying mechanism of processes in confined systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] One of the recent topics of confined water is related to the fact that water confined in pores whose diameter is less than ~20 Å is not frozen in a temperature range of 235 -150 K, 7, 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] the so-called no-man's land, 20 where bulk water is always frozen below the homogeneous nucleation temperature (235 K) of water. Unfrozen water is particularly important, since it would provide us a key for understanding anomalous properties of water, the separation of solutes in chromatography, the survival of plants and insects under extreme conditions, etc.
A large number of investigations have so far been performed to explore the thermal behavior, structure and dynamics of confined water by using various calorimetric, spectroscopic, and scattering techniques. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Important findings from these studies are the supercooling of water, retardation of the motion of water molecules, distortion of tetrahedral-like hydrogen-bonded structure of water, and a fragile-to-strong dynamical crossover at around 220 K in confinement. Most of confined systems employed in previous studies were mesoporous materials, such as Vycor, 1, 4, 5 MCM-41, 3, 6, [7] [8] [9] [10] [11] [15] [16] [17] [18] [19] carbon nanotube 12 and activated carbon. 13, 14 However, these materials have hard walls. On the other hand, water-swollen hydrophilic polymer gels, like Sephadex G-type gel, often used as column packing for gel chromatography, introduced by Porath and Flodin in 1959, 21 consist of a cross-linked dextran polymer, and have flexible walls. Polymer gels might be a better model for biological systems than MCM-41. One of the disadvantages of polymer gels as a confined system might be that the gels have various pore sizes, contrary to MCM-41 with well-defined uniform pores.
The properties of water confined in polymer gels have been investigated by various methods, such as water sorption, 22 differential scanning calorimetry (DSC) [22] [23] [24] [25] [26] [27] [28] [29] and NMR. 30,31 Ruike, et al. investigated the sorption and drying behavior of water confined in crosslinked dextran gels as a function of the density of the crosslinks. 22 They found that the polymer network in a gel with a low crosslink density is more flexible to expand and shrink during water sorption and drying, respectively, than that with a higher crosslink density. Previous DSC studies 24, 26, 28, 29 suggested that there are three states of water within hydrogels: free water (bulk water), freezable bound water, and unfrozen water. Shibukawa et al. reported that the solute retention selectivity in polymer gels depends on the fraction of freezable bound water and unfrozen water in the cross-linked gel matrix. Katayama and Fujiwara suggested from NMR relaxation measurements that unfrozen water in polyacrylamide gels may have distributed correlation times and an inhomogeneous structural ordering. To our knowledge, there have been few studies on the structure of water confined in polymer gels at the molecular level.
In the present study, the thermal behavior and structure of low-temperature water confined in Sephadex G15 gel (hereafter abbreviated as G15) was investigated at various hydration levels in order to provide a basis for understanding of unique properties of water and the underlying mechanism of solute separation of gel chromatography. Firstly, the thermal behavior of water in G15 was examined by DSC measurements to quantify the amounts of three states of water. Secondly, XRD measurements were made on water in G15 with lowering the temperature to investigate any structural change of freezable bound water and unfrozen water. Then, the present findings of water confined in G15 were compared with those for water in MCM-41. Finally, a plausible separation mechanism of solutes in gel chromatography was considered from a structural point of view of confined water.
Experimental

Materials
Crosslinked dextran gel, Sephadex G15, was purchased from Amersham Biosciences Corp. (lot No. 288486). G15, whose structure is unknown, is one of the porous materials that have mesopores of various sizes in the gel matrix. Figure 1 shows a possible structure of G15. Deionized water was obtained with an Advantec GSH-200 apparatus.
DSC measurements
Samples at h = 0.24 -1.28 were prepared under nitrogen gas by weighing appropriate amounts of dry G15 and degassed water. The samples were hermetically sealed in aluminum cells. DSC measurements were made on an EXSTAR DSC6100 (Seiko Instruments) equipped with a cooling system using liquid nitrogen. The instrument had been previously calibrated at a scanning rate of 5 K min -1 with water and indium. The cooling and heating rates were 2 and 1 K min -1 , respectively, over a temperature range between 203 and 300 K. The temperature was controlled to within ±0.05 K.
XRD measurements
Water absorbed in G15 at h = 0.24 and 0.47 was prepared by weighing appropriate amounts of dry G15 and degassed water. Each wet sample was sealed in a glass capillary (W. Müller) with 2 mm diameter and 0.01 mm thickness, and kept at 353 K for 3 h to reach equilibrium. X-ray diffraction measurements were made over a temperature range from 298 to 173 K for both wet and dry samples with a rapid liquid X-ray diffractometer, DIP301 (Bruker AXS Co., Ltd.), using an imaging-plate area detector. X-rays were generated at a rotary Mo anode at 50 kV and 200 mA, and monochromatized by a flat graphite crystal to obtain Mo Kα radiation (wavelength λ = 0.7107 Å). A 0.9-mm collimator of double-hole type was used. The exposure time was 1 h at a given temperature for each sample. The scattering angle (2θ) range measured was from 0.1 to 140 , corresponding to the scattering vector s, defined as (4π/λ)sin θ, of 0.02 to 15.2 Å -1 . The sample was cooled with a specially designed cryostat of blowing temperature-controlled N2 gas onto the capillary. 6 The temperature of the sample was measured with a copper constantan thermocouple, and controlled to within ±1 K.
The X-ray scattering intensities of a water-absorbed sample (wet) on G15, Iwet(s), can be represented as
where Iwater(s) is the intensity of water absorbed in G15, Iwater-G15(s) that of interactions between water molecules and gel matrix, IG15(s) that of G15, itself, and IC that of the capillary cell.
On the other hand, the X-ray intensities of a dry sample, Idry(s), can be written as Here, the X-ray intensities of both wet and dry samples were normalized to a stoichiometric volume that contains one oxygen atom of substrate G15. Thus, the coherent experimental intensities, I coh (s), related to the absorbed water, Iwater(s) and Iwater-G15(s), were obtained as follows:
The experimental intensities, I coh (s), were corrected for multiple scattering and Compton scattering, as previously described. 32 The structure function, i(s), is given by
where fi(s) represents the atomic scattering factor of atom i corrected for anomalous dispersion.
The radial distribution function, D(r), was calculated by means of a Fourier transform as
Here, ρ0 (= (∑xi fi(0)) 2 /V) stands for the average scattering density of a sample solution in the stoichiometric volume, V, which contains one oxygen atom of substrate G15, smax is the maximum s value attained in the measurements. A modification function, M(s), of the form (∑xi fi 2 (0)/∑xi fi 2 (s))exp(-0.01s
2 ) was used to correct for any phase shift of the atomic scattering factors, and to minimize any termination error introduced in the Fourier transform.
The details of the diffractometer and data correction procedure were described elsewhere. 32 All treatments of the X-ray diffraction data were carried out with the program KURVLR. 33 Figure 2 shows the heating curves of water absorbed in G15 at h = 0.24 -1.28. The ice-melting point shifts to the lower temperature side as the hydration level is decreased. This indicates that different states of water coexist in the pores of G15. The temperature of ice-melting and the heat of fusion for each state of water were estimated by analyzing the DSC curves, as discussed below. Here, it should be noted that a deconvolution analysis is usually applied to DSC data divided by the scanning rate. 34, 35 We measured DSC spectra using different scanning rates from 2 to 0.1 K min -1 . The melting points did not change within ±0.1 K, and the areas of the peaks varied only within the estimated experimental uncertainties of ±5% with the scanning rate. To shorten the time of the measurements and for the above reasons, the scanning rate was chosen to be 1 K min -1 . The deconvolution procedure was initiated for the DSC curves from the lowest to the highest hydration level to obtain the best fit. Since the ice-melting curves were asymmetrical, they were deconvoluted by using bi-Gaussian functions (6) with the computer program Origin Pro7.0J:
Results and Discussion
DSC measurements
Here, H is the amplitude, T the temperature, Tc the temperature of peak, and wi the full-width of the half-height of component i (i = 1 and 2). In the fitting procedure, the following criteria were kept: (1) the number of component curves is minimal, (2) the theoretical curve given by the sum of the individual ones is best fitted to the experimental DSC curve, (3) Tc and wi for each of the component curves are maintained almost constant during the calculations for all hydration levels. 34, 35 Finally, four components (I, II, III, and IV) with different thermal properties were necessary to reproduce the DSC curves. Figure 3 shows the results of the deconvoluted DSC curves for the samples at h = 0.46, 0.70 and 1.12. Component I with the highest melting point corresponds to the melting of ordinary ice; the other components (II, III and IV) are due to the melting of different types of ice generated from freezable bound water confined in G15. Unfrozen water is probably that strongly bound to the hydroxyl groups of G15. Freezable bound water from II to IV might be those of which interaction with the substrate G15 becomes stronger and stronger as expected from the lowering melting point. Similar results were reported for water confined in the gel phase of dimyristoylphosphatidylethanolamine, which constitutes the majority of the total phospholipids in biomembrane. 34, 35 On the basis of the deconvoluted components, the temperature of ice-melting (Tm) was set to a value weighted by heat of fusion at each temperature. The heat of fusion of water depends on the temperature. Since the values of the heat of fusion, Qm, of different types of water (II to IV) at subzero temperatures (Tm) are not available, they were estimated on the basis of the thermodynamic cycle given in Scheme 1. In the cycle, ΔHm(273 K) and ΔHm(Tm K) represent the isobaric heat of fusion of ice at 273 and Tm K, respectively. ΔHliq(273 K → T K) is the change in enthalpy due to the change in temperature from 273 to T K of liquid water, whereas ΔHice(T → 273 K) is that due to the change in temperature from T to 273 K of ice. Then, the value of ΔHm(Tm K) can be obtained by
Each term on the right-hand side of Eq. (7) can be calculated by . By assuming that the heat of fusion and the change in the enthalpy of water confined in G15 are not significantly different from the corresponding values for ordinary water, Qm(Tm K) can be converted to Qm(273 K) by
Then, the amount of the individual freezable bound water was estimated to be Qm(273 K)/333 J g -1 , the latter value being the heat of melting of ice. The ratio of freezable bound water was taken as the mass of freezable bound water (g)/the mass of dry gel (g). The amount of unfrozen water was then estimated by subtracting the sum of the freezable bound water and the bulk water from the total amount of added water. The final parameter values of the deconvolution analysis of the ice-melting curves of DSC data are summarized in Table S1 (Supporting Information). Figure 4 shows the ratios of the freezable bound water I, II, III, and IV as a function of h. The amount of free water (bulk water) decreases as the total amount of added water decreases, while the amount of freezable bound water is constant until the free water vanishes. After the amount of free water disappears, that of freezable bound water starts to decrease. As a result, below h = 0.28, water confined in G15 remains as a liquid down to a temperature of 173 K, which was confirmed by the XRD measurements described in the next section. The ratio (0.66) of the amount of unfrozen water to that of freezable bound water in G15 obtained in the present study is in good agreement with a value (0.66) obtained for water in G15 by a liquid chromatographic (LC) method. 28 Figure S1 (Supporting Information) shows the s-weighted 2 ρ0]dry, for two samples at h = 0.24 and 0.47 at various temperatures. Those of bulk water at 298 K were included for a comparison. When G15 absorbs water, it swells; resultingly, the structure of the three-dimensional network of G15 might change with the hydration level. Thus, it should be kept in mind that the structural difference in the gel matrix between the wet and dry samples could be reflected in the DRDFs, in particular, for long-range ordering, but not significantly for the short-range structure, such as the nearest-neighbor interactions.
XRD measurements
As can be seen in Fig. 6 , the DRDFs for h = 0.24 reflect the structure of unfrozen water in G15, whereas those for h = 0.47 reflect the structure of freezable bound water. It is noteworthy that the whole feature of the DRDFs for unfrozen water does not change appreciably with the temperature, as seen in the case of monolayer water hydrogen bonded to the surface silanol groups (-SiOH) of MCM-41. 6 This finding suggests that most of unfrozen water molecules are bound to the hydroxyl groups of gel matrices of G15. On the contrary, the DRDFs for freezable bound water at h = 0.47 show a significant change in amplitude and sharpening of the peaks at 3 -10 Å, in particular, very distinct at 213 and 203 K, which is attributed to the partial freezing of water in G15.
In both DRDFs, the first peak at ~2.87 Å is ascribed to the first-neighbor H2O-H2O interactions and those between the OH groups in the gel matrices and water molecules hydrogen bonded with them. The second peak for water confined in G15 is observed at 3.5 -5 Å, much broader than that for bulk water. This is because the broad peak is contributed from both the second neighbor H2O-H2O interactions of the tetrahedral-like water structure (~4.1 and ~4.6 Å) 6, 13 and those between the C atoms within the G15 substrate and water molecules (~3.8 Å), as expected from a previous X-ray diffraction study of water confined in activated carbon fibers. 13 The feature of the second peak for unfrozen water (h = 0.24) is much less temperature dependent than that for freezable bound water (h = 0.47). This finding again suggests that most of unfrozen water molecules are surface water hydrogen-bonded with the OH groups of G15 substrate. For freezable bound water (h = 0.47), on the other hand, two peaks are observed at ~4.1 and ~4.6 Å, characteristic of the tetrahedral-like structure of water. This implies that bulk-like water is present in the central region of G15 pores to an appreciable amount. It should be noted that the first and second peaks of confined water in G15 are much lower and broader, compared with those in bulk at 298 K. In addition, the ratio of intensity of the first peak to that of the second one is lower for water in G15 than for bulk water. These findings show that the tetrahedral-like hydrogen bonded structure of water is largely distorted in G15, compared with bulk structure. Another characteristic difference in the DRDFs is observed on the third peak over 6 -10 Å. For water in G15, the corresponding peak is centered at 8 Å, much longer than that for bulk water (~7 Å). This result again suggests the distorted structure of water in G15 due to the effect of confinement. A possible difference in structure of G15 between wet and dry gels might cause this feature, as discussed in the previous section. The distortion of the hydrogen bonded network of confined water was also found in mesopores with the hydrophilic surface of MCM-41. Figure 7 shows the first neighbor O-O distance of water confined in G15 for h = 0.24, 0.47 and freezable bound water IV as a function of the temperature. At 298 K, the O-O distance for unfrozen water (h = 0.24) is 2.89 ± 0.01 Å is somewhat longer that the value (2.86 ± 0.01 Å) for freezable bound water (h = 0.47), which is close to that (2.85 ± 0.01 Å) of bulk water. This is probably because unfrozen water molecules near the surface of G15 gel matrices are more or less two-dimensionally arranged, resulting in a distortion of hydrogen bonding. With lowering temperature, the O-O distance for both hydration levels decrease, suggesting a strengthening of the hydrogen bonding between water molecules confined in G15. This tendency in hydrogen bonding between water molecules in confinement at low temperatures has also been found for water confined in other porous materials. 6, 13, 19 For unfrozen water (h = 0.24), however, the O-O distance remains practically constant at ~2.83 Å over a temperature range of 253 -193 K. On the other hand, the O-O distance for freezable bound water (h = 0.47) is gradually shortened, and converged to 2.80 Å at 213 and 203 K, which is close to the distance (2.78 Å) for crystalline ice. Here, water confined in G15 at h = 0.47 consisted of ~60% of freezable bound water IV and ~40% of unfrozen water, as estimated from Fig. 2 . Thus, the DRDF of freezable bound water IV was obtained by subtracting the DRDF of unfrozen water at h = 0.24 from the total DRDF at h = 0.47 at the individual temperatures. Figure 7 shows the O-O distances of freezable bound water IV thus obtained as a function of temperature, which are in good agreement with those in ice (2.78 Å) in Fig. 7 .
This result shows that freezable bound water at h = 0.47 behaves in a similar manner to bulk water despite distortion in the tetrahedral structure. Shibukawa et al. 28 stated in their LC and DSC studies of water in G15 that freezable bound water is almost identical with bulk water with respect to the dissolution of solute compounds, and that it exhibits little selectivity in the separation process in gel chromatography. The present structural study does support their statement. As previously discussed, the hydrogen bonds between unfrozen water molecules are more distorted than those between freezable bound water. Thus, freezable bound water molecules could be stabilized in forming the tetrahedral-like hydrogen bonded network. On the contrary, unfrozen water molecules would tend to be involved in the hydration process of solutes, rather than forming hydrogen bonds, and thus play an important role in the separation processes of solute in chromatography.
In various porous materials, such as MCM-41, 7, 8, 10, 11, 14, 15 carbon nanotube, 12, 36 and lysozyme, 37-39 the dynamical crossover of low-temperature water has been reported at ~220 K, and ascribed to a transition from a fragile to a strong liquid. In the former liquid, some of the hydrogen bonded structure of water are broken, whereas in the latter the tetrahedral-like network of water dominates the liquid structure. In the present system, no clear change in the O-O distance was observed, which might be due to various pore sizes and flexible walls of G15. Further investigations on other polymer gels are necessary to confirm this result.
Conclusion
The thermal behavior of low-temperature water confined in Sephadex G15 gels was investigated as a function of the hydration level, h, over a temperature range of 203 -300 K by DSC measurements.
The deconvolution analysis of the ice-melting peaks on the DSC data showed the presence of three states of water: free water, freezable bound water, and unfrozen water. Below h = 0.28, confined water was unfrozen due probably to hydrogen bonding to the surface hydroxyl groups of G15 substrate. The structures of unfrozen water at h = 0.24 and freezable bound water at h = 0.47 were examined over a temperature range of 298 -173 K by XRD measurements. The differential radial distribution functions revealed that the tetrahedral-like structure of water is more distorted in pores of G15 gels than in bulk water. The first-neighbor O-O distances between water molecules with lowering the temperature showed that those for freezable bound water decrease in a similar manner to bulk water, whereas those for unfrozen water are much less temperature-dependent, due to the large distortion of hydrogen bonding. Thus, unfrozen water would be involved in the hydration processes of solutes rather than forming hydrogen bonds, and thus play an important role in the separation processes of solutes in gel chromatography. There was no clear structural transformation of confined water in G15 gels at 213 -233 K, which was previously found in well-defined pores of MCM-41.
